We investigated whether, upon the integration of multiple copies of adenovirus type 12 (Adl2) DNA into an established mammalian (hamster) genome, the pattern of foreign DNA insertion would remain stable or change with consecutive passages of cells in culture. By the injection of purified Adl2 into newborn hamsters, tumors were induced, cells from these tumors were cultivated, and five independent cell lines, HT5, H201/2, H201/3, H271, and H281, were established. These cell lines carried different copy numbers of Adl2 DNA per cell in an integrated form and differed in morphology. Cell line HT5 had been passed twice through hamsters as tumor cells and was subsequently passaged in culture. Patterns of Adl2 DNA integration were determined by restriction cleavage of the nuclear DNA with BamHI, EcoRI, HindIII, MspI, or PstI followed by Southern blot hybridization using 32P-labeled Adl2 DNA or its cloned terminal DNA fragments as hybridization probes. In this way, the off-size fragments, which represented the sites of linkage between Adl2 and cellular DNAs, were determined. At early passage levels in culture, the integration sites of Adl2 DNA in the hamster genome, as characterized by the positions of off-size fragments in agarose or polyacrylamide gel electrophoresis, were different in the five different tumor cell lines. Upon repeated passage, however, the off-size fragment patterns generated by the five restriction endonucleases became very similar in the five tumor cell lines. This surprising result indicates that under cell culture conditions, Adl2-transformed tumor cell lines that carry the foreign (Adl2) genome in selective, probably very similar sites of the cellular genome evolve.
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Studies on the integration of foreign (viral) DNA into the preexisting genomes of mammalian cells can serve an exemplary function in the analysis of the mechanisms and the outcome of insertional recombination between foreign DNA and an established genome. These interactions are of interest not only in tumor virology and gene therapy but also for models about the evolutionary role of foreign DNA integration. A large number of adenovirus-transformed cell lines or adenovirus type 12 (Adl2)-induced tumor cells or cell lines have been investigated for the sites of viral DNA insertion (for a review, see reference 1). For a number of junction sites between adenovirus and cellular DNAs, the nucleotide sequences have been determined (2, 6, 12) . In these cell lines, a specific cellular nucleotide sequence at the insertion sites for adenovirus DNA has not been found. However, all integration sites of adenovirus DNA investigated in that respect have proved to be transcriptionally active both in the transformed cells and in the original cells prior to adenovirus infection, integration, and transformation (3, 18). Short patch homologies between viral and cellular junction sequences have often, but not always, been found.
Recently, we have initiated work on cell-free systems, using nuclear extracts from hamster or insect cells to elucidate details of the mechanism of insertional recombination (5, 17, 24, 25) . The recombinants generated in the cell-free in vitro system are also characterized by patch homologies between the recombination partners at the sites of junction (24, 25) . Several times, the hamster cell sequence CCTCTCCG has been found to be the recombination target, or to be located close to it, with adenovirus DNA in several independent cell-free recombination experiments in which extracts purified to In a series of Ad12-induced hamster tumor cell lines (11, 14) , we have now analyzed the dynamics of the sites of viral DNA insertion.
MATERIALS AND METHODS
Most of the techniques used in this study have been described previously (14) .
Adl2-induced hamster tumor cell lines. Hamster tumors were induced by the injection of Adl2, and the cell lines H201/2, H201/3, H271, and H281 were established from tumors T201/2, T201/3 (two different tumors in the same animal), T271, and T281 and passaged in Dulbecco medium enriched with 10% fetal calf serum (14) . Conditioned medium was obtained by growing BHK-21 hamster cells in regular Dulbecco medium with 10% fetal calf serum for 24 h, sterile filtering this medium, and then using it in a 1:1 mixture with fresh Dulbecco medium supplemented with 5% fetal calf serum for the cultivation of Adl2-induced tumor cells. The hamster tumor T313 was induced, and the cell line H313 was established more than 10 years ago (11) . The H313 cells were passaged twice through hamsters that developed tumors upon injection of H313 cells. From the second tumor passage, cell line HT5 was derived. The tumors and cell lines T-H201/2, T-H201/3a, T-H271, T-H281, H313, and HT5 contained approximately 10, 3, 2 to 3, 5, 30, and 10 Adl2 genome equivalents per cell, respectively (14) . The cell lines in culture were passaged at different split ratios ranging from 1:2 to 1:10.
Analyses by Southern blot (19) to Hybond N+ nylon membranes. As a 32P-labeled hybridization probe, Adl2 DNA or one of the terminal fragments of Adl2 DNA, the EcoRI C (left end) or the BamHI E (right end) fragment, was used. Hybridization and wash conditions were described previously (7, 14) . These probes could be repeatedly removed by boiling in 2 x SSC (1 x SSC consists of 0.15 M NaCl and 0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate.
In some experiments, DNA fragments were separated by electrophoresis on 5% denaturing polyacrylamide gels containing 7 M urea, electrotransferred to Hybond N+ nylon membranes, and then hybridized to 32P-labeled probes as described previously (14) .
Restriction maps of Adl2 DNA. The complete nucleotide sequence of Adl2 DNA was determined in our laboratory (20) . The restriction maps presented in Fig. 2f were derived from this sequence.
RESULTS AND DISCUSSION
Alterations in cell morphology and integration patterns of Adl2 DNA in Adl2-induced hamster tumor cell lines. The Adl2-induced hamster tumor cell lines H201/2, H201/3, H271, H281, and HT5 were described previously (14) , and their characteristics are summarized in Table 1 . Both the morphology of the tumor cells in culture ( Fig. 1 ) and the patterns of viral DNA integration underwent distinct changes as cells were explanted from the tumor-bearing animals and repeatedly passaged in culture. Changes in integration patterns were manifested by alterations in the positions of the off-size Adl2 DNA fragments upon agarose or polyacrylamide gel electrophoresis. These fragments constituted the junctions between the termini of Adl2 DNA and the abutting cellular DNA sequences.
Patterns of Adl2 DNA integration in Adl2-induced hamster tumor cells. The DNA extracted from the original tumors, T201/2, T201/3, T271, and T281, was analyzed by using one of the five restriction endonucleases BamHI, EcoRI, HindlIl, PstI, and MspI and by Southern blotting. The integration patterns of Adl2 DNA in tumors T201/2 and T271 are reproduced in Fig. 4a and 3, respectively (see below). Some of the integration patterns of Adl2 DNA in these tumors were described in detail previously (14) . As a probe for hybridization, the 32P-labeled Adl2 DNA or the terminal Adl2 DNA fragment EcoRI C (left) or BamHI E (right) was used in successive hybridization experiments. The autoradiograms in Fig. 2a through d present the cleavage patterns of the integrated Adl2 genomes generated by EcoRI (Fig. 2a) , BamHI (Fig. 2b) , HindIII (Fig. 2c) , PstI (Fig. 2d) , and MspI (Fig. 2e) with the DNA of cell lines HT5, H201/2, H201/3a, H271, and H281. The restriction maps for AdI2 DNA for each of these restriction endonucleases are reproduced in Fig. 2f . These maps were drawn according to the complete nucleotide sequence of Adl2 DNA that was recently determined in this laboratory (4a, 20) . As expected, the internal viral DNA fragments comigrated with the Adl2 DNA marker fragments and were identical in the DNAs from the different tumors, terminal Adl2 DNA fragment or to both termini are marked by arrowheads in the autoradiograms.
It was apparent from the data presented in Fig. 2a to e that the off-size patterns differed among the DNA samples from the different tumors and from those of cell lines H313 and HT5 (Table 1 ). The cleavage patterns of the DNAs from the latter two lines are presented for comparison. However, their patterns were identical to those approached by cell lines H201/2, H201/3a, H271, and H281 after continuous cell culture (Fig.  2ca ). After cleavage with one of the five restriction endonucleases EcoRI, BamHI, HindIll, PstI, and MspI (Fig. 2) , the integration patterns of Adl2 DNA in the five different cell lines investigated were very similar; in particular, the distributions of the off-size bands (arrowheads in Fig. 2 ) were practically identical. This finding suggested that the sites of viral DNA integration were highly selective at this stage. As explained above, cell line H313 was generated about a decade ago (11) , and cell line HT5 was derived from it after two hamster tumor cell passages. Cleavage and off-size patterns of these cell lines were identical for the DNAs from H313 and T5. However, the copy number of 30 Adl2 genome equivalents in cell line H313 was decreased to 10 in cell line HT5 (Fig. 2ca) . For each of the panels in Fig. 2 , the hybridization probe is indicated for easy appraisal of the results.
Intermediate stages of integration patterns in the transition from tumor cells to tumor cell lines. Upon continuous passage of the Adl2-induced hamster tumor cells in culture, the size distribution of the off-size fragments of the integrated Adl2 genomes began to change. These alterations first became apparent in passage 1 (pl), p3, p5, and pl for cell lines H201/2, H201/3a, H271, and H281, respectively. We have not illustrated these changes for all four cell lines but rather present a typical example. The autoradiograms in Fig. 3 Fig. 2 (Table 1 ). In addition, some of the cell lines carried additional, submolar fragments of Adl2 DNA which gave rise to weak bands in positions not identical with any of the Adl2 marker DNA bands (Fig. 2) . The nature of these weak bands was not investigated in detail. Apart from the fact that the five cell lines harbored different copy numbers of Adl2 genomes, the increase in the de novo methylation of the integrated Adl2 genome in the different cell lines followed different kinetics in the transition from tumor to cell line. Moreover, the patterns of methylation in the integrated Adl2 genomes in later passages of the cell lines were not identical (Fig. 4) (14, 14a) for the cell lines that exhibited similar integration patterns and sites, as documented by the size distributions of the off-size fragments. An example is presented in a comparison between the HpaII (H) and MspI (M) cleavage patterns of DNA from cell lines HT5 and H201/2. The HpaII cleavage patterns of Adl2 DNA were distinctly different in the two cell lines (Fig. 4b and c) . Similar results were obtained after HhaI cleavage (data not shown). Thus, the patterns of methylation in the integrated Adl2 DNA were different, attesting to the independent origins of the two cell lines.
In two other cell lines also derived from the same series of Adl2-induced hamster tumors, H191 and H211, the integration patterns of Adl2 DNA clearly differed from those just described, even after extensive subcultivation of these cell lines (data not shown). We also analyzed the state of methylation in several subclones of the Adl2 hamster tumor cell lines H191 and H281, which differed in their Adl2 integration patterns. By using subfragments of Adl2 DNA as hybridization probes, cell line-specific methylation patterns of integrated Ad12 DNA were found (data not shown).
It is concluded that possibly as a consequence of the transfer from cells from a freshly induced hamster tumor to the very different conditions of cell culture, patterns of foreign (Adl2) DNA integration can change, leading either to striking similarities of Adl2 DNA integration patterns or to a partial loss of Adl2 genomes (Table 1 ). The data suggest that viral DNA can be rearranged to sites of linkage to cellular DNA that are similar or identical after five independent integration events. Apparently, under certain, so far unidentified conditions, rearrangements can be highly selective, perhaps even directed to the same cellular DNA sequences. The latter possibility will have to be further investigated by cloning some of these secondary junction sites and by comparing the cellular nucleotide sequences. The data argue for the chromosomal instability of the Adl2 genomes, which have become integrated into the cellular genome during tumor induction, upon transfer and propagation of tumor cells under cell culture conditions.
Evaluation of results. There is much evidence that argues in favor of nonspecific insertion of adenoviral DNA or retroviral genomes into cellular genomes. It is likely that many different cellular DNA sequences can serve as integration targets, with a possible preference for transcriptionally active sequences or possibly for origins of DNA replication. On the other hand, it has been observed that Adl2 genomes frequently become associated with human chromosome 1 (13, 15) or that the genome of adeno-associated virus can become linked to human chromosome 19 (8, 9, 16 (4, 10) , are not understood. The presence of apparently similar patterns of Adl2 DNA integration in five independently isolated hamster tumor cell lines might reflect genomic instability of the foreign DNA in these cell lines. We have initiated work to clone the sites of junction between Adl2 DNA and the adjacent hamster cell DNA from different Adl2-induced tumor cell lines. In this way, we hope to assess the possibility of selective sites of Adl2 DNA integration and document it at the nucleotide level.
